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rocks south of the Marquette syncline in the greenstone-
granite terrane have variable strikes because of folding,
generally moderate to gentle dips, and shallow plunging
fold axes and mineral lineations (Sims, 1993). In the Ish-
peming greenstone belt on the north side of the Marquette
syncline, the rocks in this terrane record early recumbent
folds (F;) and younger (Dj) west-trending upright,
upward- and downward-facing folds formed by transpres-
sion that are mainly Z-shaped in plan view (Johnson and
Bornhorst, 1991). These rocks are cut by younger north-
west- to west-trending faults (or shear zones), some of
which have demonstrable dextral movement. Commonly,
these faults in the northern complex, which belong to the
same family of transcurrent faults deciphered in northern
Minnesota (Hudleston and others, 1988), separate volcanic
rock domains having opposite stratigraphic facings
(Johnson and Bornhorst, 1991). The granitoid rocks that
surround and intrude the greenstone bodies are mostly
strongly foliated as a result of regional deformation D;.

Rocks that compose the gneiss terrane to the south of
the GLTZ along the Marquette segment are composition-
ally layered, medium-grained gneiss, migmatite, and
amphibolite cut by pink aplitic granite and granite pegma-
tite (Sims, 1993). A sample of gray gneiss collected in
SEY;SW1; sec. 36, T. 47 N., R. 27 W. (Hammond, 1978)
has a U-Pb zircon age of 2,7791+21 Ma and a lower inter-
cept age of 802176 Ma (recalculated by Zell E. Peterman).
A post-tectonic intrusion about 4 km in areal extent (gran-
ite near Tilden of Hammond (1978)) has a U-Pb zircon
age of 2,585t15 Ma (Sims and Peterman, 1992). The
dominant structures in the Archean gneiss to the south of
the GLTZ are gently inclined to recumbent folds oriented
northwestward and plunging gently to moderately north-
ward (Sims, 1991, fig. 4). A younger steep, northwest-
oriented foliation occurs locally. This younger foliation is
subparallel to the northwest-trending antiformal structure
of the southern complex of the Marquette district, and pre-
sumably is related to the deformation that produced the
antiform. Both the recumbent folds and the younger folia-
tion predate the GLTZ.

In the exposed part of the Marquette segment (Sims,
1991; 1993), the shear zone walls of the GLTZ are sub-
parallel and strike N. 60° W. Foliation in mylonite within
the GLTZ strikes (average) N. 70° W. and dips 75° SW.
A stretching lineation in the mylonite foliation plunges
42° in a S. 43° E. direction. Hinges of tight to open
sheath(?) folds of both Z- and S-symmetries plunge paral-
lel to the lineation. The attitude of the lineation (line of
tectonic transport and X finite strain axis), together with
asymmetric kinematic indicators, indicates that collision
along this segment of the GLTZ was oblique; the collision
resulted in dextral-thrust shear along the boundary, north-
westward vergence, and overriding of the greenstone-
granite terrane by the gneiss terrane.

VERGENCE

Two interpretations have been proposed for the ver-
gence on the GLTZ: (1) the interpretation based on geo-
physical data in Minnesota regards the GLTZ as
characterized by southward vergence on a shallowly north-
ward dipping subduction zone (Gibbs and others, 1984;
Chandler and Morey, 1989), and (2) the interpretation
based on geologic data using kinematics in outcrops in the
Marquette, Michigan, area (Sims, 1991) characterizes the
GLTZ as a northward-verging, high-angle, south-dipping
structure on which the gneiss terrane was displaced north-
ward over the greenstone-granite terrane. We have pro-
posed from the kinematic data along the Marquette
segment that vergence along each of the segments was
northward, and have suggested an alternative interpretation
of the north-dipping seismic reflectors in the Minnesota
profiles (Sims and Day, 1992). The alternative interpreta-
tion is consistent with data from the exposed area.

Seismic reflection zones such as those in the green-
stone (Wawa subprovince) crust in Minnesota can be
attributed to (1) lithologic contacts of units of contrasting
composition, which can provide velocity contrast, (2)
igneous layering, and (3) fluid-rich zones, as well as (4)
brittle-ductile deformation zones. That the Minnesota seis-
mic planes could be lithologic contacts perhaps enhanced
by shallow-dipping faults or shear zones is suggested by
the informative seismic-reflection profiles in the southern
Abitibi greenstone belt, Canada (Jackson and others,
1990), which is along strike to the northeast from Minne-
sota. The seismic profiles in the Abitibi belt reveal abun-
dant subhorizontal reflection zones of regional extent in
the upper 15 km of crust. These reflectors resemble those
in the greenstone crust of Minnesota in generally being
discontinuous and having variable shallow dips. The shal-
low-dipping reflectors in the Abitibi belt are interpreted by
Jackson and others (1990) as layering and (or) tectonic
high-strain zones, possibly like the low-angle faults that
produced the “out of sequence” stratigraphy demonstrated
by U-Pb geochronology (Corfu and others, 1989). The
shallow-dipping reflectors are truncated and in part offset
by regional, steeply dipping, ductile-brittle shear zones
such as the Dexter-Porcupine and Cadillac-Larder Lake
fault zones, which are transparent and cannot be identified
directly in the seismic profiles. Some of these faults pene-
trate to depths of 15~18 km.

We suggest that the GLTZ would not be identifiable
on the COCORP profiles in Minnesota because of its
steep dip; we also suggest that the steep southeast-dip-
ping fault shown by Gibbs and others (1984) near station
500 on line 3 (fig. 2) is the GLTZ. This structure has the
local name Morris fault. At the time of the COCORP
investigation, the Morris fault was considered as the
southeast margin of a “wide” GLTZ (Gibbs and others,
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1984, fig. 2). That the Morris fault could indeed be an
expression of the GLTZ is suggested by drilling by the
Minnesota Geological Survey (Southwick and others,
1986). A hole (1985-11) located on the approximate
trace of the Morris fault in Todd County and near station
500 on COCORP line 3 (Gibbs and others, 1984) pene-
trated 11 ft of mylonite at depths of 333-344 ft (1
ft=0.328 m). The hole bottomed in mylonite. Previously,
Herrmann (1979) determined from surface-wave focal
plane data of a recent earthquake near Morris that the
fault probably trends northeast and has a steep (=70°)
southeast dip. A steep southward dip of this structure is
consistent with the observed southward dip of the GLTZ
in the Marquette, Michigan, area, as well as with north-
ward vergence on the structure. The apparent narrowness
of the tectonic zone in Minnesota also is consistent with
the observed =2-km-wide mylonite zone that comprises
the GLTZ in the outcrop area in Michigan.

Structural data from northern Minnesota and Michigan
support our suggestion that the shallowly dipping seismic
reflectors are predominantly lithologic contacts rather than
faults or ductile shear zones. Early (D;) recumbent or
gently inclined folds, some of large areal extent, have
been recognized over wide areas of the Wawa subprovince
(Hudleston and others, 1988; Day and Sims, 1984;
Johnson and Bornhorst, 1991). Such large structures could
produce the strong seismic reflections shown in the
COCORP profiles. Also, no evidence has been recognized
in exposed areas of the Wawa subprovince in northern
Minnesota for imbricate shallow-dipping ductile-brittle
deformation zones, such as postulated for the entire upper
crust from the COCORP profiles (Gibbs and others,
1984). The faults and shear zones in the region north of
the GLTZ, such as the Vermilion fault in northern Minne-
sota (Sims, 1976), are nearly vertical, and formed from
regional transpression (Hudleston and others, 1988).

The COCORP seismic profiles in central Minnesota
show shallow-dipping reflection zones in the gneiss crust
south of the GLTZ that extend to depths of about 36 km.
These reflectors accord with the generally shallow dipping
gneissic foliation and open folds in gneiss exposed at the
surface in the Minnesota River Valley, about 100 km to
the south (Bauer, 1980). Gibbs and others (1984, p. 291)
noted that because of differences in stacking velocity this
crust differs in seismic character from the greenstone crust
north of the GLTZ.

EVOLUTION AND SIGNIFICANCE

The Great Lakes tectonic zone was formed by the final
collision in the assembly of the Superior province of the
Canadian Shield. According to our model, the collision
resulted from northwest-directed tectonic transport of the
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gneiss terrane (micro-continent) against the previously
assembled, predominantly island-arc terranes that com-
prise most of the Superior province. Collision was oblique
along the northwest-trending segments, resulting in dex-
tral-thrust shear along the boundary and probable overrid-
ing of the island arc terrane by the gneiss terrane.
Southward subduction may have resulted in emplacement
of the large =2,600-Ma batholithic Sacred Heart Granite
into the gneisses in southwestern Minnesota.

The deformation along the GLTZ took place under
ductile conditions, but near the brittle-ductile transition.
These conditions are indicated by the presence of domi-
nant orthomylonite rather than ultramylonite and a slight
retrogressive alteration in the zone. Under typical crustal
conditions, and assuming a geotherm of 30 °C km-!, the
brittle-ductile transition occurs at a depth of 8-12 km, cor-
responding to vertical stresses of 2-3 kbar and tempera-
tures of 240-360 °C (Kerrich and Feng, 1992).

The northwest-directed tectonic transport during sutur-
ing of the Archean terranes, determined from the
Marquette, Michigan, area, provides a means for establish-
ing the evolution of the GLTZ and the trajectory of stress
into the Archean greenstone-granite crust. The systematic
angular bends in the GLTZ that shape segments alter-
nately trending northeastward and west-northwestward
(fig. 1) may well reflect original irregularities in the mar-
gin of the greenstone-granite terrane, which was a conti-
nental margin before convergence and collision with the
southern Archean gneiss terrane. This zigzag-shaped
Archean continental margin is similar in broad outline to
the Appalachian-Ouachita Paleozoic orogenic belt (Tho-
mas, 1983). The Archean continental margin could have
resulted from rifting, as proposed for the Paleozoic conti-
nental margin. If so, the Minnesota and Marenisco seg-
ments probably represent rifted margins, and the
Wisconsin and Marquette segments represent former trans-
form faults.

Collision along the Archean continental margin can be
discussed with respect to figure 4, a diagrammatic sketch
map showing the approximate configuration of the conti-
nental margin in Late Archean time. In the reconstruction,
the Middle Proterozoic Midcontinent rift system has been
removed, thus bringing the Minnesota segment in juxtapo-
sition with the Wisconsin segment.

We presume that the oblique collision determined
along the Marquette segment is indicative of convergence
along this irregularly shaped continental margin. Thus, the
tectonic transport direction of the converging plates was
about N. 45° W. (fig. 4), with upthrusting toward the
northwest. In this scenario, collision would have been
diachronous along the Archean continental margin. The
Wisconsin recess (a concave curve toward the continental
margin; terminology of Thomas, 1983) would have acted
as a buttress against which compressive stress was
directed into the greenstone-granite crust to the north.
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Figure 4. Diagrammatic sketch map showing approximate
configuration of the continental margin in Late Archean time.
The Middle Proterozoic Midcontinent rift system has been re-
moved, thus juxtaposing the Minnesota and Wisconsin seg-
ments. Scale is approximate. Refer to figure 1 for geographic
positions of segments of Great Lakes tectonic zone.

Transmittal of dextral-thrust shear into the crust to the
north can account for the transpressional structures so ele-
gantly described by Hudleston and others (1988) and Day
(1990b) from northern Minnesota, and Poulsen (1986)
from adjacent Canada. In addition to early recumbent
folds (D;) and younger upright east-west folds, the gener-
ally northwest to west trending dextral transcurrent faults
and conjugate sinistral faults in the region developed as a
later more brittle expression of the shear regime. These
faults include the Vermilion, Rainy Lake—Seine River, and
Quetico faults, which form the margins of or transect the
major Archean subprovinces in northern Minnesota and
adjacent Ontario. Recent precise isotopic analyses of zir-
con, titanite, and rutile of rocks from the Rainy Lake
(Davis and others, 1989) and Shebandowan (Corfu and

Stott, 1986) areas, Canada, indicate that these faults
formed in the approximate interval 2,692-2,686 Ma. Inas-
much as these faults are attributed to collision along the
GLTZ, these ages date the approximate time of collision
along the GLTZ.

The northwest-directed compression was nearly per-
pendicular to the northeast-trending segments of the
GLTZ, and accordingly the rocks in the foreland deformed
zone adjacent to these segments were folded on northeast-
trending axes during the collision. This structural fabric is
particularly evident along the Marenisco segment (Sims
and others, 1984; Sims, 1990, 1992).

CONCLUSIONS

We have suggested a reinterpretation of the COCORP
seismic-reflection profiles in central Minnesota (Gibbs and
others, 1984) that is consistent with kinematic data from
the 10-km-long exposed segment of the GLTZ near Mar-
quette, Michigan. We propose that the GLTZ in Minne-
sota is a north-verging steep southeast-dipping structure,
locally called the Morris fault. We also propose that north
vergence characterizes each segment of the tectonic zone.
Such vergence on the structure can account for the early
recumbent folds (D;), younger upright folds (D;), and
major transcurrent faults formed by regional dextral
transpression in rocks in northern Minnesota (Hudleston
and others, 1988) and adjacent areas in Ontario and Michi-
gan. The relatively young age (=2,600 Ma; Doe and Del-
evaux, 1980) of the Sacred Heart Granite in the gneiss
terrane in southwestern Minnesota and its volcanic-arc
granite affinity (Sims, 1992) strongly support an origin for
the GLTZ suture through southward subduction prior to
continent-continent collision, at about 2,690 Ma.
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